compound Marbostat-100. We demonstrate that ATRA protects APL cells from cytotoxic effects of SAHA, MS-275, and Marbostat-100. However, LBH589 and FK228, which have a superior substrate-inhibitor dissociation constant (Ki) for the class I deacetylases HDAC1, 2, 3, are resistant against ATRA-dependent cytoprotective effects. We further show that HDACi evoke DNA damage, measured as induction of phosphorylated histone H2AX and by the comet assay. The ability of ATRA to protect APL cells from the induction of p-H2AX by HDACi is a readout for the cytoprotective effects of ATRA. Moreover, ATRA increases the fraction of cells in the G1 phase, together with an accumulation of the cyclin-dependent kinase inhibitor p21 and a reduced expression of thymidylate synthase (TdS). In contrast, the ATRA-dependent activation of the transcription factors STAT1, NF-κB, and C/EBP hardly influences the responses of APL cells to HDACi. We conclude that the affinity of HDACi for class I HDACs determines whether such drugs can kill naïve and maturated APL cells.
Introduction
Under leukemic conditions, hematopoietic stem or precursor cells fail to differentiate. Instead, they proliferate in an uncontrolled manner (Coombs et al. 2015) . Acute myeloid leukemia (AML) results from the unregulated proliferation and survival of myeloid cells (Hu and Zuckerman 2014; di Masi et al. 2015; Krämer et al. 2013) . Acute promyelocytic leukemia (APL) is a subtype of AML. Nearly all APL cases carry the chromosomal translocation t(15;17) which fuses the promyelocytic leukemia (PML) gene with the retinoic acid receptor-α (RARα) gene. This balanced translocation gives rise to the PML-RARα protein (Hu and Zuckerman 2014; di Masi et al. 2015; Krämer et al. 2013) . Its remaining RARα part binds retinoic acid (RA)-dependent promoters of differentiation genes and suppresses them via the recruitment of corepressors. This inhibitory effect involves HDACs (Altucci and Gronemeyer 2001; Breitman et al. 1981) . Moreover, PML-RARα disrupts the nuclear PML body organization. These aberrations concertedly promote the survival and accumulation of immature, nonfunctional promyelocytes (Grignani et al. 1998; de Thé et al. 2012) .
A new era of treatment began with the introduction of the vitamin A derivative all-trans retinoic acid (ATRA) for the treatment of APL in the 1980s (Altucci and Gronemeyer 2001; Breitman et al. 1981) . Pharmacological doses of ATRA overcome the PML-RARα-induced maturation block by the recruitment of co-activators, such as histone acetyltransferases, to retinoic acid-dependent genes. ATRA also induces the degradation of PML-RARα, and both effects propel the functional differentiation of leukemic cells (Altucci and Gronemeyer 2001; Breitman et al. 1981) . APL is additionally treated with arsenic trioxide (ATO/ As 2 O 3 ) (Fang et al. 2002) . ATO directly binds and destroys the PML-RARα protein and often leads to an eradication of the leukemic clone(s) in combinatory schedules (Zhang et al. 2010) . While ATO effectively cures APL in about 70% of all cases (de Thé et al. 2012) , the remaining patients relapse and prognosis is poor if stem cell transplantation is not feasible (Sanford et al. 2015; Iriyama et al. 2014; Thirugnanam et al. 2009 ). Hence, additional treatment options are necessary.
HDACs are a group of 11 proteins that remove acetyl groups from lysine residues in histone tails and in other proteins (Spange et al. 2009 ). The differentiation, proliferation, and survival of transformed cells often depend on HDACs, which makes these enzymes valid pharmacological targets (Dokmanovic et al. 2007; Göttlicher et al. 2001; Iriyama et al. 2014) . HDACi are epigenetic drugs that are relatively nontoxic to normal cells (Dokmanovic and Marks 2005; Müller and Krämer 2010) , and the HDACi suberoylanilide hydroxamic acid (SAHA, vorinostat) and depsipeptide (FK228, romidepsin) are used for the treatment of cutaneous T cell lymphoma (Ellis and Pili 2010) . Moreover, the FDA has recently approved LBH589 (panobinostat, Farydak) for the treatment of multiple myeloma (Lee et al. 2016a, b) .
Since HDACs contribute to the differentiation block imposed by PML-RARα, a combination therapy of ATRA and HDACi appears as a logical combination. Furthermore, as well as ATRA and ATO, HDACi accelerate the degradation of PML-RARα (Hennig et al. 2015; Krämer et al. 2008b) . Experiments in mice and clinical pilot trials suggested that combinations of HDACi with ATRA show promising effects against leukemic cells (Leiva et al. 2012; Cimino et al. 2006) . Nevertheless, the clinical outcome was disappointing in most AML patients who received ATRA and HDACi in combination (Kuendgen et al. 2006; Tassara et al. 2014; Quintás-Cardama et al. 2011; Fredly et al. 2013 ).
We recently provided a possible explanation for the poor efficacy of ATRA/HDACi combinations in the clinic. We showed that application schedules as well as the choice of a particular HDACi determined the effectiveness of a treatment involving ATRA and HDACi (Hennig et al. 2015) . If APL cells have differentiated toward the granulocytic lineage with ATRA for 24 h, HDACi that are specific for the class I HDACs HDAC1, 2, 3, and 8 (VPA, MS-275) do not induce apoptosis (programed cell death). In contrast, the pan-specific HDACi LBH589 still induces apoptosis of NB4 cells, irrespective of a previous exposure to ATRA ((Hennig et al. 2015) and Supplemental Fig. S1 and Table 1 ). We collected these results in NB4 cells, which are a prototypical human APL cell line with PML-RARα (Lanotte et al. 1991 ).
When we collected the above-mentioned results, we considered effects of ATRA and HDACi on factors that control apoptosis and differentiation. Caspases are at the heart of the initiation and execution of apoptosis (Droin et al. 2013; Samudio et al. 2010 ). The intrinsic apoptosis pathway is triggered by the efflux of mitochondrial cytochrome C, APAF1, and caspase-9, and the extrinsic apoptosis pathway relies on caspase-8. The activation of these initiator caspases culminates in the activation of the apoptosis executioner caspase-3 (Droin et al. 2013; Samudio et al. 2010) . Mitochondrial proteins belonging to the BCL family critically control mitochondrial integrity and the induction of apoptosis at the level of mitochondria (Droin et al. 2013; Samudio et al. 2010) . Pro-survival molecules, like the NF-κB target gene BCL-X L which stabilizes mitochondria, as well as the myeloid differentiation marker C/EBPε, are downregulated in NB4 cells after the treatment with LBH589, but not after an exposure to MS-275 or VPA. Therefore, we speculated that altered gene expression profiles and cellular differentiation protected NB4 cells from HDACi-induced cytotoxic effects (Hennig et al. 2015) . This hypothesis is supported by the literature. For example, ATRA is able to induce NF-κB-dependent prosurvival genes in NB4 and U937 AML cells (Mathieu et al. 2005; Mathieu and Besançon 2006; ) and in other leukemic cells (Nagel et al. 2015; Demchenko and Kuehl 2010) . NF-κB also contributes to the myeloid maturation process. NF-κB family members directly interact with C/EBPβ (Xia et al. 1997; Weber et al. 2003; Zwergal et al. 2006) , and NF-κB binds synergistically with other C/ EBP family members to target genes (Stein et al. 1993) . For example, NF-κB p50 binds together with C/EBPα, C/ EBPδ, and C/EBPε at the 5-lipoxygenase-activating protein promotor in LPS-treated THP-1 AML cells (Serio et al. 2005) . Moreover, C/EBPε binds more avidly to its target sequences upon an interaction with NF-κB p65 (Chumakov et al. 2007) . ATRA additionally activates the inducible transcription factor STAT1 and its target genes via an enhanced phosphorylation of STAT1 at Ser727 (Shang et al. 1999; Dimberg et al. 2003) . This phosphorylation allows the full induction of some target genes of STAT1 (Wen et al. 1995) as well as the maturation of leukemic cells (Ying et al. 2013; Fang et al. 2013) .
It is presently unclear whether such mechanisms promote the relative resistance of APL cells against HDACi. In addition, ATRA might protect cells from the recently reported HDACi-dependent DNA damage. For example, MS-275 promotes the accumulation of p-H2AX in multiple myeloma cells (Cai et al. 2013 ) and FK228 causes DNA damage that is linked to an augmented production of reactive oxygen species (ROS) and the activation of p53 in human lung and colon cancer cells (Wang et al. 2012) . Furthermore, HDACi promote the phosphorylation of H2AX and its upstream kinase ataxia telangiectasia mutated (ATM) in various cell types (Quintás-Cardama et al. 2011) . HL60 AML cells phosphorylate ATM and H2AX in response to the HDACi trichostatin-A and apicidin, and K562 chronic myeloid leukemia cells show p-H2AX-positive nuclei after a treatment with the naturally occurring HDACi butyrate (Gaymes et al. 2006) . Further studies report that lymphoid Molt4 cells and HL60 cells carry increased p-H2AX in the presence of SAHA (Sanchez-Gonzalez et al. 2006) . As different HDACi induce a variable amount of DNA damage (Lee et al. 2016b ), such differences may well determine whether cells undergo apoptosis in response to a treatment with HDACi and ATRA.
We set out to identify the parameters and pathways that determine the interplay between ATRA and HDACiinduced cell death. Our results show that HDACi induce the DNA damage marker p-H2AX in leukemic cells. The data further suggest that the extent of HDACi-induced DNA damage and cell cycle arrest determine whether NB4 cells undergo apoptosis. Moreover, we demonstrate that the HDAC/HDACi dissociation constant Ki and the resulting ability to block class I HDACs indicates the robustness of HDACi treatment schedules against ATRA-induced survival mechanisms. Mahboobi et al. (2016) .
Constructs
The cDNA of rat C/EBPα p42 (Grebien et al. 2015) was cloned into pSIN-TREtight-Gateway cassette-StrepII-HA-IRES-GFP-PGK-BlastR by Gateway cloning. Primers and vector information are available upon request.
Cell culture
The promyelocytic cell line NB4 grows in Roswell Park Memorial Institute (RPMI) medium containing 10% fetal calf serum (FCS) and 0.5% gentamicin in a humidified incubator at 37 °C and 5% CO 2 . NB4 cells harbor a PML/RARA fusion gene and stem from a relapsed APL patient (Lanotte et al. 1991) . Correct cell identity was verified via DNA fingerprint at the Leibniz Institute, DSMZ GmbH, Braunschweig. 5 × 10 5 NB4 cells/ml were seeded and immediately stimulated with ATRA or HDACi for the indicated times and concentrations. FDCP-1 cells were cultivated in RPMI medium with 10% FCS, glutamate, penicillin/streptomycin, and 2 ng/ml IL-3 (Immunotools, Friesoythe, Germany). Tet-On competent FDCP-1 cells were generated by retroviral introduction of pMSCV-rtTA3-PGK-PuroR (Zuber et al. 2011) as described in Bigenzahn et al. (2016) . FDCP-1 rtTA3 cells were subsequently transduced with pSIN-TREtight-C/EBPα p42-StrepII-HA-IRES-GFP-PGKBlastR and selected with blasticidin (10 μg/ml). FDCP-1 rtTA3 cells were seeded at 5 × 10 5 cells/ml and treated with doxycycline (Sigma) at 1 µg/ml for 24 h to induce gene expression. MS-275 treatment of FDCP-1 rtTA3 C/EBPα cells was initiated 24 h after doxycycline treatment for 48 h using the indicated concentrations.
Flow cytometry
Propidium iodide (PI) staining for fragmented DNA: 5× 10 5 cells were washed twice with phosphate-buffered saline buffer (PBS), fixed with 1 ml of 70% ethanol in PBS, and stored over night at −20 °C. Cells were then washed with PBS, resuspended in PBS, supplemented with 125 µg/ ml RNase-A (Roche, Germany) and 31 µg/ml PI (Biotium, CA, USA), and incubated for 20 min at 37 °C. DNA content of the cells was measured by flow cytometry with a fluorescence-activated cell sorter (FACS). 
Intracellular FACS staining
After washing with PBS, cells were fixed with 4% paraformaldehyde/PBS for 20 min at room temperature (RT). Subsequently, cells were permeabilized in 0.1% Triton X-100/PBS for five min at RT. Afterward, cells were blocked in 10% FCS/PBS for 15 min at RT and then incubated with 1:50 anti-pY701 STAT1-PE antibody (BD Biosciences, #612564) or IgG2a-PE Isotype control (BD Biosciences, #553457) in 10% FCS/PBS for 1 h at 4 °C. After three washing steps, the cells were analyzed on a FACSCanto cytometer (BD Biosciences). Histogram overlays were created using the Weasel.jar software.
Annexin V/propidium iodide staining
Annexin V/propidium iodide staining allows the simultaneous detection of early apoptotic, late apoptotic, and necrotic cells. FITC-labeled Annexin V (MACS Miltenyi Biotec) binds to the phospholipid phosphatidylserine, which translocates from the inner leaflet of the plasma membrane to the outer leaflet in early and late apoptotic cells. Propidium iodide (PI, Sigma) is a standard flow cytometric dye used to distinguish viable from nonviable cells. The membranes of dead and damaged, necrotic cells are permeable to PI, but usually negative for Annexin V (viable cells exclude PI). Late apoptotic cells are PI positive, but additionally stain positive for Annexin V. NB4 cells were seeded into 12-well plates at a density of 2 × 10 5 cells/ml; 24 h later, cells were treated with 2 µM MS-275, 30 nM LBH589, and 5 nM FK228 for 24-48 h. Subsequently, cells were harvested in FACS tubes, washed once with cold PBS, and centrifuged at 188×g for 5 min. Then, the cell pellet was gently resuspended in a mixture of 50 µl 1 × Annexin V binding buffer (10 × Annexin V binding buffer: 100 mM HEPES 1.4 M NaCl 25 mM CaCl2, 1% BSA in 50 ml H 2 O bidest ., pH 7,4) and 2.5 µL FITC Annexin V. Cells were incubated in the dark on ice for 15 min. The DNA of the cells was stained with 430 µl 1 × Annexin V binding buffer and 10 µl PI (stock solution: 50 µg/µl). Samples were directly measured on a FACSCanto II flow cytometer (BD Biosciences). Data were evaluated with the FACSDiva software 7.0 (BD Biosciences).
Immunoblot and antibodies
Cells were collected, washed with PBS, and then lysed with NETN buffer for 10 min. NETN buffer: 150 mM NaCl, 50 mM Tris/HCl pH 8.0, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, supplemented with protease inhibitor cocktail PIC (2 µg/ml leupeptin, 4 µg/ml antipain, 0.2 µg/ml benzamidine, 20 U/ml aprotinin), 1 mM sodium vanadate, 1 mM sodium fluoride, phenylmethylsulfonyl fluoride (1:500 of a saturated solution), 40 mM β-glycerophosphate. After a sonification step, cell debris was removed via centrifugation at 20,000×g. For detection of C/EBPα in FDCP-1 rTA3 cells, lysates were prepared in RIPA buffer. The protein concentration was determined by Bradford assay (Roth, Karlsruhe, Germany) according to the manufacturer's instructions. Equal amounts of proteins were loaded on SDS gels for immunoblot. Antibodies were from Santa-Cruz (TX, USA): anti-acetylated tubulin SC-23950, anti-C/EBPβ SC-150, anti-C/EBPε SC-158, anti-HSP70 SC-24, anti-NF-κB SC-8008 and SC-372, anti-phosphorylated STAT1 (Y701) SC-7988, anti-STAT1 SC-346, anti-β-actin sc-47778, and anti-p21 SC-6246; from Cell Signaling Technology (MA, USA): anti-caspase-3 cleaved #9664, anti-phosphorylated NF-κB (Ser 536) #3036, anti-phosphorylated p38 (Y180/T182) #9215, anti-p38 #9212, and anti-thymidylate synthase #9045; from Millipore/Upstate (Darmstadt, Germany): anti-acetylated histone H3 (H3) #06-599 and anti-p-H2AX #05-636; from BD Biosciences (Heidelberg, Germany): anti-PARP cleaved #552596; and from Sigma-Aldrich (München, Germany): anti-β-actin #A5316; for anti-acetylated histone 4 antibody (ac-H4), see (Göttlicher et al. 2001) .
ROS measurement
Cells were seeded at 1 × 10 6 cells/ml. After stimulation, they were washed once with warm RPMI without FCS and then twice with warm PBS. Cells were resuspended in PBS and rotated with 20 µM carboxy-H2DFFDA for 30 min at room temperature in the dark. Then, cells were washed twice with warm PBS and resuspended in 500 µl PBS and mean fluorescence intensities were measured with flow cytometry.
qRT-PCR
RNA quantification was done as described in (Pietschmann et al. 2012) . Data obtained were analyzed with the deltaCq quantification model (Hellemans et al. 2007 ) using GAPDH as reference gene. Primer sequences for quantitative real-time PCR (qPCR) were:
Neutral comet assay
Microscopy slides were coated with 1.5% agarose in PBS; 10 µl of a cell suspension (from 1 × 10 6 NB4 cells/ml) was diluted in 120 µl of 0.5% low melting point agarose. This suspension was added to the slide, which was then covered and incubated for 5 min at 4 °C. After removal of cover slips, the slides were incubated for at least 1 h in lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 µM Tris pH 7.5, 1% sodium lauroyl sarcosinate) at 4 °C. Electrophoresis was carried out to allow comet formation. Slides were then fixed for 5 min in ethanol and dried for 2 h at room temperature; 50 µl of a 50 µg/ml solution of PI was added, and the slides were then analyzed microscopically; see (Nikolova et al. 2014 ) for further details.
Results

High affinity of HDACi confers robustness to cytoprotective effects of ATRA
We have previously shown that a pretreatment with ATRA protects NB4 cells from the induction of apoptosis by the class I HDACi MS-275 and VPA [Supplemental Fig. S1 and Table 1 , see also (Bradner et al. 2010a, b) ]. However, pretreatment with ATRA does not antagonize apoptosis that is caused by the pan-HDACi LBH589 (Hennig et al. 2015) ( Table 1) . To characterize this finding further, we tested the class I HDACi FK228 and SAHA (Table 1) . SAHA inactivates class I HDACs and the class IIb deacetylase HDAC6 (Table 1) , which is regarded as a crucial molecule in leukemic cells (Krämer et al. 2014) .
Based on the finding that the pan-HDACi LBH589 can kill ATRA pre-treated NB4 cells (Hennig et al. 2015) , we suspected that the broad-range HDACi SAHA would equally cause an ATRA-insensitive cell death program in NB4 cell cultures. Yet, a 24-h pretreatment with ATRA could abrogate the cytotoxic fragmentation of DNA in NB4 cells exposed to 1 µM SAHA (Fig. 1a) . This unexpected outcome was not due to an inefficient inhibition of HDAC6. Western blot against acetylated tubulin, a prototypical HDAC6 target (Krämer et al. 2014) , verified that our batch of SAHA efficiently blocked HDAC6 at 1 µM (Fig. 1b) . At 2 µM, SAHA more effectively killed NB4 cells. The cytotoxic effect of 2 µM SAHA was significantly blocked by ATRA, but the induction of cell death remained significant too (Fig. 1a) . The analysis of histone hyperacetylation, which prototypically indicates a suppression of class I HDACs (Mithraprabhu et al. 2013) , revealed that the inhibition of these HDACs and not the hyperacetylation of tubulin indicates the cytotoxicity of SAHA (Fig. 1a, b) .
To further test the relevance of HDAC6 in our system, we used our newly developed HDAC6-specific drug Marbostat-100 (see "Materials and methods" for details). A dose of 1 µM Marbostat-100 evoked a strong accumulation of hyperacetylated tubulin in NB4 cells (Fig. 1c) . However, Marbostat-100 alone could not promote DNA fragmentation or caspase-3 activation in NB4 cell cultures (Fig. 1c,  d ). Hence, we combined Marbostat-100 with MS-275 to see (Table 1) could eliminate naïve and ATRA pre-treated NB4 cells. The combination of MS-275 and Marbostat-100 was slightly more effective than MS-275 alone (Fig. 1d) . Consistent with our previous data (Hennig et al. 2015) , a pre-treatment with ATRA ablated the cytotoxic effect of MS-275 (Fig. 1d) . ATRA also reduced the cell death program that the MS-275/Marbostat-100 combination caused (Fig. 1d) . Consistent with these results, we noted that ATRA suppressed the activation of the apoptotic enzyme caspase-3 in NB4 cells that were treated with MS-275 or MS-275 plus Marbostat-100 (Fig. 1c) . These data disfavor that the activity of HDAC6 is primarily responsible for the cytoprotective effects that ATRA confers to NB4 cells.
To analyze the impact of HDACi on NB4 cells further, we used FK228 (Table 1) . A main difference between MS-275 and FK228 is the about 1000-fold higher affinity of FK228 for class I HDACs ( Table 1 ; the IC50 of FK228 for HDAC1-3 is 0.00005 µM and the IC50 of MS-275 for HDAC1-3 ranges from 0.04 to 0.8 µM). These divergent properties of the class I HDACi MS-275 and FK228 allowed us to identify the relevance of HDACi affinity for the killing of NB4 cells. FK228 was able to induce cell death in a concentration-dependent fashion as measured by PI staining followed by flow cytometry analysis (Fig. 1e) . We further noted that a 24-h pretreatment with ATRA did not protect NB4 cells from FK228-induced cell death (Fig. 1e) .
Compared to SAHA, FK228 more strongly induced the hyperacetylation of histone H3, a typical target of class I HDACs (Spange et al. 2009; Mithraprabhu et al. 2013; Krämer et al. 2014) (Fig. 1b) . These data agree with the lower Ki and IC50 of FK228 for class I HDACs ( Table 1 ; the IC50 of FK228 for HDAC1-3 is 0.00005 µM and the IC50 of SAHA for HDAC1-3 ranges from 0.001 to 0.004 µM; the IC50 of FK228 against HDAC1 is more than 200-fold lower than the IC50 of SAHA against HDAC1). Dependent on the test system and the presence of reducing agents, FK228 shows some activity against HDAC6 in vitro (Table 1) , but FK228 minimally blocks HDAC6 in vivo (Mithraprabhu et al. 2013; Yurek-George et al. 2007; Hui and Chiang 2014; Furumai et al. 2002) . Accordingly, FK228 hardly changed the acetylation status of the HDAC6 target tubulin (Fig. 1b) .
From these data, we conclude that the affinity for class I HDACs is a novel readout for the potency of HDACi against naïve and ATRA-treated, maturated APL cells.
Inhibition of BCL proteins does not break resistance mechanisms evoked by ATRA
We next analyzed whether anti-apoptotic BCL proteins determine the sensitivity of NB4 cells to HDACi. We suspected a role of BCL proteins because LBH589 reduced NB4 cell survival as well as BCL-X L expression much stronger than MS-275 and VPA (Hennig et al. 2015) . Furthermore, ATRA promotes the accumulation of the BCL2A1 mRNA, which is an ATRA-inducible NF-κB-dependent target in NB4 cells Edelstein et al. 2003) , and VPA slightly accentuates the accumulation of BCL2A1 mRNA in NB4 cells (Fig. 2a) . Therefore, it is conceivable that BCL2 proteins protect cells from HDACi.
We used the BCL inhibitor ABT-737 (Oltersdorf et al. 2005) to challenge this idea. While treatment with ABT-737 led to cell death, pretreatment with ATRA inhibited this process (Fig. 2b) . Similar data were collected for the BCL inhibitor Obatoclax (data not shown).
These observations disfavor the possibility that a loss of BCL proteins can break ATRA-mediated resistance mechanisms.
Activation of NF-κB and STAT1 does not protect NB4 cells from HDACi
ATRA activates a plethora of different pathways. For example, ATRA induces the transcription factors NF-κB and STAT1 Mathieu et al. 2005; Dimberg et al. 2000; Gianni et al. 1997) . We noted that ATRA evoked the phosphorylation of STAT1 at Y701 in NB4 cells. Compared to IFN-γ-treated cells, this phosphorylation occurred slower and at quantitatively lower levels in ATRA-treated NB4 cells (Fig. 2c) . Since HDACi can attenuate the phosphorylation of STAT1 at Y701 (Wieczorek et al. 2012; Moon et al. 2016; Kotla and Rao 2015) , we asked whether HDACi have an impact on the ATRA-induced phosphorylation of STAT1. We found that a prolonged exposure of NB4 cells to VPA decreased the ATRA-dependent phosphorylation of STAT1 at Y701 (Fig. 2d, S3A) . In order to analyze whether this effect is linked to altered protein stability, we performed Western blot analyses for STAT1. While the treatment with 1.5 mM VPA does not alter STAT1 levels, 5 mM VPA reduced STAT1 expression (Fig. S3B) . These data agree with the accelerated turnover of STAT1 in apoptotic cells (Licht et al. 2014) .
Based on these data we tested whether an activation of NF-κB and STAT1 may protect NB4 cells from HDACi. We stimulated the cells with typical inducers of these pathways: TNF-α to activate NF-κB and IFN-α to activate STAT1. To verify our batches of IFN-α and TNF-α, we stained immunoblots for phosphorylated STAT1 as well as for phosphorylated forms of NF-κB p65 and the kinase p38. After a 30-min incubation time with TNF-α or IFN-α, we found a clear phosphorylation of the above-mentioned marker proteins (Fig. 2f, g ).
We then used the experimental setup seen in Fig. 2e . We focused on MS-275 and VPA in the following experiments because ATRA can abrogate the pro-apoptotic effects of these HDACi (Hennig et al. 2015 , this work, and Supplemental Fig. S1 ). Incubation of NB4 cells with VPA and MS-275 for 24 h induced apoptosis, as evidenced by an increase in cells in the subG1 fraction and the appearance of cleaved caspase-3 in immunoblots (Fig. 2h , Supplemental Fig. S4 ). Incubation of NB4 cells with IFN-α alone for 48 h did not induce apoptosis, but TNF-α was effective against these cells (Fig. 2h) . Flow cytometry analyses and immunoblots for active caspase-3 illustrated that the combined treatment with IFN-α or TNF-α did not rescue the cells from MS-275 or VPA (Fig. 2h, Supplemental Fig. S4 ).
To corroborate our results, we additionally chose a 30-min cytokine stimulation prior to the addition of MS-275 or VPA. Again, IFN-α and TNF-α were not able to inhibit the MS-275-and VPA-induced cell death (Fig. 2i) .
We conclude that activation of NF-κB or STAT1 alone does not protect NB4 cells from HDACi. Hence, an induction of these pathways by ATRA unlikely renders NB4 cells resistant against HDACi.
Expression and relevance of C/EBP proteins for HDACi-induced cytotoxicity
ATRA induces myeloid differentiation that is causally associated with an increased expression of the C/EBP family members C/EBPα, C/EBPβ, and C/EBPε (Duprez et al. 2003; Park et al. 1999; Hashimoto et al. 2006; Hennig et al. 2015) and Fig. 3a . In contrast, stimulation with TNF-α or IFN-α did not promote the accumulation of these transcription factors (Fig. 3a) . Therefore, we hypothesized that a myeloid differentiation process involving C/EBPs might contribute to cytoprotective effects of ATRA.
Since we found that the cytotoxicity of FK228 was insensitive to ATRA (Fig. 1e) , we also tested whether this agent could attenuate the accumulation of C/EBP proteins in ATRA pre-treated NB4 cells; we previously noticed such an effect in LBH589-treated NB4 cells (Hennig et al. 2015) . Like LBH589, FK228 largely suppressed the ATRAinduced accumulation of C/EBPε and C/EBPβ (Fig. 3b) .
These findings encouraged us to exogenously express C/ EBP proteins in NB4 cells, but such attempts failed because of a rapid induction of cell death upon transfection (n > 20; data not shown). Therefore, we alternatively analyzed the FDCP-1 cell line, which represents an established hematopoietic cell system for myeloid differentiation. Inducible expression of C/EBPα p42 activates C/EBPβ and C/EBPε and recapitulates principal aspects of myeloid maturation in these cells (Hashimoto et al. 2006; Welm et al. 1999; Friedman 2007; Grebien et al. 2015) . We tested whether an ectopically induced overexpression of C/EBPα p42 rescued FDCP-1 cells from cell death induced by MS-275. FDCP-1 cells rTA3 were transduced with a retroviral construct allowing for doxycycline-inducible expression of C/EBPα p42. Expression of C/EBPα p42 was induced by 1 µg/ml doxycycline (Fig. 3c) , and the cells were simultaneously exposed to MS-275 for 48 h (Fig. 3d) . The anticipated C/EBPα-dependent induction of C/EBPβ and C/EBPε (Hashimoto et al. 2006; Welm et al. 1999; Friedman 2007 ) was confirmed (data not shown). Compared to mock-transduced cells, C/EBPα p42-overexpressing cells showed a trend toward a higher proportion of living cells in the presence of MS-275 (Fig. 3d) . However, this effect cannot explain the abrogation of the MS-275-induced cell death in ATRA pre-treated NB4 cells (Hennig et al. 2015 and this work) . Consequently, we addressed additional mechanisms, including the HDACi-evoked DNA damage.
MS-275 induces DNA damage
HDACi induce apoptosis by several ways, including the induction of ROS, mitochondrial damage (Rosato et al. 2003; Sanda et al. 2007 ), downregulation of anti-apoptotic proteins, upregulation of pro-apoptotic proteins (Bose et al. 2014) , and DNA damage (Dasmahapatra et al. 2010; Gaymes et al. 2006) . Based on these data, we investigated whether MS-275 can induce DNA damage in NB4 cells. We found a time-dependent increase in the phosphorylation of H2AX in MS-275-treated NB4 cells (Fig. 4a) ; such an accumulation of p-H2AX is a typical sign of DNA damage and replicative stress (Nikolova et al. 2014; Mah et al. 2010) .
The accumulation of p-H2AX in MS-275-treated NB4 cells tied in with histone acetylation as well as with an Fig. 2 Activation of NF-κB and STAT1 does not protect NB4 cells from HDACi. a Cells were treated for the indicated times with 1 µM ATRA and/or 1.5 mM VPA; n = 3. Expression of Bcl2A1 mRNA was analyzed by quantitative real-time PCR. Relative expression relates to corresponding values for samples from untreated cells, set as 1 (mean ± SE). GAPDH, served as reference gene. b SubG1 phase of NB4 cells treated for 48 h with 1 µM ATRA and/or 100-400 nM ABT-737 for 24 h. DNA fragmentation was determined by flow cytometry after PI staining; n = 3. c NB4 cells were stimulated for indicated times with 1 µM ATRA or with 100 ng/ml INF-γ. Cells were incubated with an antibody against the Tyr701-phosphorylated form of STAT1 or an isotype control and analyzed by flow cytometry. Histogram overlays show intracellular p-Tyr 701-STAT1 and were calculated with the Weasel.jar software; n = 2. d NB4 cells were treated for the indicated times with 5 mM valproic acid (VPA), INF-γ (100 ng/ml for 30 min) or ATRA (1 µM for 24 h). Mean fluorescence of intracellular p-Tyr 701-STAT1 stain was quantified by flow cytometry analysis; see Supplemental Fig. S3A for a similar experimental outcome. e Treatment schedule for treatment with ATRA, TNF-α, IFN-α, and HDACi. Cells were either pre-treated for 24 h or for 30 min and then treated for 24 h with HDACi. f NB4 cells were treated for 30 min with 50 ng/ml TNF-α and stained with immunoblot for phosphorylation of NF-κB p65 and MAPK p38; n = 3. g NB4 cells were treated for 30 min with 1000 U IFN-α and analyzed by immunoblot for p-STAT1 and loading controls; n = 4. h Flow cytometry analysis of PI-stained NB4 cells treated as shown in 2e for the indicated times with cytokines (1000 U IFN-α or 50 ng/ml TNF-α) and HDACi [5 mM VPA or 5 µM MS-275 (MS)]; n = 3. i Same as in 2h but with a 30-min pre-incubation with cytokines ◂ activation of the apoptosis executioner caspase-3 and the cleavage of the DNA repair enzyme PARP1 (Fig. 4a) . While we noted no signs of checkpoint kinase activation in MS-275-treated NB4 cells (data not shown), we saw a reduction in TdS (Fig. 4a) , which supplies cells with nucleotides for S phase progression (Wilson et al. 2014) .
LBH589 also induced the accumulation of p-H2AX, the cleavage of PARP1, and the reduction in TdS in NB4 cells (Fig. 4b) . Moreover, the same effects occurred in another leukemia cell line, the BCR-ABL-transformed pre-B cell line BV-173 (Fig. 4c, d) . Hence, our results are not restricted to a certain HDACi or cell type.
Since HDACi can induce apoptosis via elevated ROS levels (Sanda et al. 2007 ), these may cause DNA damage in HDACi-treated cells. Measurement of ROS levels in MS-275-and LBH589-exposed NB4 cells showed that ROS were elevated after treatment with LBH589, but surprisingly not after an exposure to MS-275 (Fig. 4e) . The observation that ATRA has no discernable impact on ROS production further disfavors that ROS contribute to MS-275-induced DNA damage.
Assessing DNA damage with the neutral comet assay verified the ability of MS-275 to harm DNA integrity (Fig. 4f) . However, apoptosis also leads to DNA fragmentation and H2AX phosphorylation (Rogakou et al. 2000) . Therefore, we used the pan-caspase inhibitor ZVAD-FMK, to exclude that an apoptotic processing of DNA caused the phosphorylation of H2AX in HDACi-treated NB4 cells. Inhibition of caspases by ZVAD-FMK did not inhibit p-H2AX (Fig. 4g) .
Hence, MS-275 appears as a causal inducer of DNA damage, which is associated with loss of PARP1 and TdS
Cell cycle progression promotes DNA damage and apoptosis of HDACi-treated NB4 cells
Like MS-275, LBH589 and FK228 caused an accumulation of p-H2AX in NB4 cells (Fig. 5a ). Compared to NB4 cells that had been treated with MS-275, the amount of p-H2AX Fig. 3 Induction and role of C/EBP family members. a NB4 cells were treated for 24 h with either 1 µM ATRA, 50 ng/ml TNF-α, or 1000 U IFN-α. Cells were subjected to immunoblot and probed with antibodies as indicated. Different membranes with the same samples were used; n = 3. b NB4 cells were stimulated for the indicated times with 1 µM ATRA, 5 µM MS-275, 100 nM LBH589 (LBH), or 10 nM FK228 (FK), lysed, and subjected to immunoblot. Different membranes with the same samples were used; n = 3. c FDCP-1 cells stably expressing rtTA3 or rtTA3 and C/EBPα p42 were treated with 1 µg/ml doxycycline for 48 h, and expression levels were detected by Immunoblot analysis with the indicated antibodies. d Protein expression was induced as in c, and FDCP-1 cells were simultaneously treated with the indicated concentrations of MS-275. After 48 h, the cells were harvested and living cells were determined by flow cytometry; n = 3 Fig. 4 HDACi induce DNA damage. a-d NB4 and BV-173 cells were stimulated as indicated with 5 µM MS-275 (MS) or 100 nM LBH589 (LBH). Lysates were analyzed by immunoblot as indicated; n = 3. e NB4 cells were stimulated for the indicated times with 1 µM ATRA, 5 µM MS-275, or 100 nM LBH589 (LBH), and cytosolic ROS was measured. Unstained control was subtracted from each measurement, and data were normalized to control; n = 2. f NB4 cells were incubated for 12 h with 2 µM MS-275 and analyzed for DNA damage with comet assay; n = 2. g NB4 cells were treated as indicated and analyzed by immunoblot; 50 µM ZVAD-FMK (ZVAD) and 5 µM MS-275 were used. Different membranes with the same samples were used, n = 3 was higher in NB4 cells that had received LBH589 and FK228 (Fig. 5a) . Thus, the extent of HDACi-induced apoptosis correlates with the levels of p-H2AX.
If the HDACi-evoked DNA damage was linked to cell death of NB4 cell cultures, ATRA should be able to impair the MS-275-induced accumulation of p-H2AX but should be ineffective against the accumulation of p-H2AX in response to LBH589 and FK228. Indeed, MS-275, LBH589, and FK228 induced DNA damage, but the pretreatment with ATRA only reduced the MS-275-induced Fig. 5 Cell cycle distribution after HDACi and ATRA. a-c NB4 cells were stimulated for the indicated times with 1 µM ATRA, 5 µM MS-275, 100 nM LBH589 (LBH),10 nM FK228 (FK) or 1.5 mM VPA or 1-2 µM SAHA, lysed, and subjected to immunoblot. Different membranes with the same samples were used; n = 3. d NB4 cells were incubated for 24 h with the indicated concentrations of LBH589 (LBH) or SAHA and subjected to immunoblot; n = 3. e NB4 cells were treated for 24 h with 5 µM MS-275 (gray) or with MS-275 + 200 µM thymidine (black), stained with PI and analyzed by flow cytometry; n = 2. Shown is a representative flow cytometry profile and a graphical evaluation of the two independent experiments. f-g NB4 cells were treated as described in e and analyzed by immunoblot; n = 2, experiments were done in duplicate accumulation of p-H2AX. The p-H2AX levels were equally high in naïve and ATRA pre-treated NB4 cells when they received LBH589 and FK228 (Fig. 5a) .
To extent these analyses, we assessed how ATRA in combination with SAHA and VPA affected p-H2AX levels. Western blot experiments showed that ATRA prevented the induction of p-H2AX by 1.5 mM VPA and 1 µM SAHA (Fig. 5b) . Congruently, ATRA protected cells from such concentrations of VPA (Hennig et al. 2015) and SAHA (Fig. 1a) . For 2 µM SAHA, we found a reduction in p-H2AX, but ATRA did not prevent its accumulation completely (Fig. 5b) . Figure 1a shows that ATRA protects the cells from 2 µM SAHA, but also not completely. Thus, the accumulation of p-H2AX and apoptosis correlate with each other.
We then asked whether ATRA was able to sustain the expression of TdS in MS-275-treated NB4 cells. We analyzed lysates from NB4 cells that had been incubated with ATRA, MS-275, LBH589, or FK228. Contrary to our expectation, HDACi reduced TdS even more strongly in combination with ATRA (Fig. 5c) . Thus, the decrease in TdS can hardly be the sole determinant for the higher and ATRA-resistant levels of p-H2AX in NB4 cells that receive LBH589 and FK228.
Given that the impact of DNA damage on cellular fate can depend on the cell cycle phase (Karimian et al. 2016) , we considered that different combinations of HDACi and ATRA might have different effects on the cell cycle of NB4 cells. The treatment with MS-275 and ATRA promoted an arrest of cells in the G1 phase more effectively than MS-275 alone (Hennig et al. 2015) . This process involved an accumulation of the CDKI p21 (Fig. 5c, Supplemental  Fig. S2 ). This molecule not only halts cells in the G1 phase but it is also a negative regulator of the MS-275-induced apoptosis in leukemic cells (Rosato et al. 2003) . NB4 cell cultures that were treated with LBH589 and FK228 had lower numbers of cells in the G1 phase than cultures that were exposed to MS-275 or SAHA. Moreover, FK228 and LBH589 failed to induce an accumulation of p21 in NB4 cells (Fig. 5c, Supplemental Fig. S2 , Hennig et al. 2015 , and data not shown). These results suggest that a p21-associated arrest in the G1 phase partially protects against cytotoxic effects of HDACi.
We have deduced from Fig. 1 that the extent of class I HDAC inhibition, which we measured as histone hyperacetylation in response to FK228 and SAHA, is a readout for the robustness of HDACi-induced cytotoxic effects against ATRA. To corroborate this hypothesis, we compared the efficacy of LBH589 and SAHA side by side. We treated NB4 cells with 50-100 nM LBH589 or 50 nM to 2 µM SAHA. This experiment showed that LBH589 was about 500-fold more effective than SAHA in vivo (Fig. 5d) . Congruent with Fig. 1 , these data indicate that the inhibition of class I HDACs translates into HDACi-induced pro-apoptotic effects despite the presence of ATRA. Moreover, these data give further credit that very low Ki and IC 50 values for class I HDAC inhibition (Table 1) render HDACi-induced cell death resistant against ATRA-induced cytoprotection.
We also considered that the different responses of NB4 cells to ATRA in combination with various HDACi rely on different modes of cell death, namely apoptosis or necrosis. We treated NB4 cells with different HDACi (MS-275, FK228, and LBH589) and stained them with Annexin V and PI to discriminate between early apoptotic (Annexin V+/PI−), late apoptotic (Annexin V+/PI+), and necrotic cells (Annexin V−/PI+). Flow cytometry analyses revealed that all three HDACi evoked a significant increase in apoptosis without a detectable induction of necrosis (Supplemental Figure S5 ).
The differential regulation of cell cycle arrest (Supplemental Fig. S2 ), together with the depletion of TdS in response to 5c) , let us speculate that we could drive MS-275-treated NB4 cells into S phase by supplementation with thymidine. Moreover, this may affect the HDACi-induced DNA damage. We treated NB4 cells with MS-275 or MS-275 plus thymidine. Cell cycle analysis of PI-stained cells by flow cytometry illustrated that a supplementation of MS-275-treated NB4 cells with thymidine decreased the number of cells in G1 phase and increased the amount of cells in early S phase (Fig. 5e) . Immunoblots showed that this cell cycle progression was accompanied by reduced expression of p21 and an increase in cleaved caspase-3 (Fig. 5f) . Furthermore, the combination of MS and thymidine enhanced the HDACi-evoked accumulation of p-H2AX (Fig. 5g) .
We deduce that the abilities of ATRA to abrogate DNA damage and to arrest cells in the G1 phase of the cell cycle prevent cytotoxic effects of HDACi.
Discussion
Our previous data demonstrate that the inhibition of HDACs with MS-275 or VPA induces apoptosis of NB4 cells and that ATRA induces a differentiation program that renders NB4 cells resistant to such drugs (Hennig et al. 2015) . We further analyzed the molecular mechanisms that promote the robustness of ATRA-treated NB4 cells against HDACi. Our data disfavor the inhibition of HDAC6 and the activation of NF-κB and STAT1 as key mediators of ATRAmediated resistance. Myeloid differentiation induced by overexpression of C/EBPα has a slight protective effect on HDACi-treated hematopoietic cells. However, we find a clear association between avid HDAC inhibition and the induction of DNA damage and apoptosis. We discuss these findings and their implications as follows.
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The stimulation of NB4 cells with ATRA, IFNs, or TNF-α activates STAT1 and NF-κB in NB4 cells (Fig. 2) . These data are coherent with previous reports (Gianni et al. 1997; Mathieu et al. 2005 ). Despite such similarities, IFN-α and TNF-α cannot protect NB4 cells from MS-275 and VPA; TNF-α rather acts in an additive manner with HDACi (Fig. 2h, i, Supplemental Fig. S4 ). Thus, we conclude that the activation of these transcription factors unlikely mediates the cytoprotective effect of ATRA against HDACi. We though cannot exclude that IFN-α and TNF-α cause additional effects that may override otherwise cytoprotective pathways. The finding that IFN-α has no effect on the HDACi-induced cell death (Fig. 2h, i) may be related to the processing of STAT1 by caspase-3 and 6 in HDACi-treated NB4 cells (Licht et al. 2014 ). This situation differs from melanoma cells, where the expression and acetylation of STAT1 increase in response to HDACi. In such cells, IFN-α and HDACi augment STAT1 levels and both agents combine favorably against melanoma cells (Krämer et al. 2006) .
A striking difference between the stimulation of NB4 cells with ATRA or IFN-α/TNF-α is the induction of cell differentiation, i.e., the accumulation of C/EBPβ and C/ EBPε (Fig. 3a) , which are markers of myeloid cell maturation (Akagi et al. 2010; Schuster et al. 2003; Morosetti et al. 1997; Duprez et al. 2003; Truong et al. 2003) . Therefore, we hypothesized that differentiation protects NB4 cells from HDACi. However, activation of C/EBPα p42, which induces maturation and a subsequent accumulation of C/EBPβ and C/EBPε (Hashimoto et al. 2006; Welm et al. 1999; Friedman 2007) , only slightly attenuates apoptosis evoked by MS-275 (Fig. 3d) . We are aware that C/EBPs may affect cell survival differentially in NB4 and FDCP-1 cells. Further studies are necessary to clarify this issue.
We rule out that HDAC6 is relevant for the survival of NB4 cells in the presence of ATRA and HDACi (Fig. 1d) . The fact that apoptosis induction by VPA and SAHA, which block all four class I HDACs (Table 1) , is susceptible to ATRA (Fig. 1a) also disfavors that HDAC8 is critical for the survival of HDACi-and ATRA-treated NB4 cells. Furthermore, an HDAC8-specific inhibitor induced apoptosis specifically in T cell tumor lines (Balasubramanian et al. 2008) .
Our results suggest a radical model in which the avidity of an HDACi for the class I HDACs HDAC1-3, i.e., low Ki/IC 50 values (Table 1) , translates into its ability to eradicate APL cells at immature and differentiated stages. The accumulation of hyperacetylated histone H3 appears as a marker for the potency of HDACi against APL cells (Figs. 1, 5) . A caveat of such highly potent HDACi may be cytotoxicity against normal cells. While a recent report raises caution about such undesired side effects (Wong et al. 2014) , a large number of clinical studies corroborates tolerable effects of HDACi in patients suffering from cancer (Dokmanovic and Marks 2005; Müller and Krämer 2010; Ellis and Pili 2010; Lee et al. 2016a, b) .
Since HDACi can evoke DNA damage in tumor cells (Lee et al. 2016a; Wells et al. 2013; Wang et al. 2012; Fukuda et al. 2015; Gaymes et al. 2006; Jiemjit et al. 2008) , we asked whether apoptosis induced by HDACi was linked to a loss of DNA integrity in leukemic cells. Indeed, various HDACi induce DNA damage in NB4 and BV-173 cells (Figs. 4a-d, 5a, b) . As PARP1, DNA-PK, and XRCC are differentially regulated upon monocytic maturation (Bauer et al. 2011) , we also considered an impact of these molecules on the responses of ATRA-treated, granulocyte-like NB4 cells to different HDACi. However, we found no evidence for a regulation of XRCC by MS-275 in NB4 cells. Regarding PARP1, we found with flow cytometry that inhibition of PARP1 with rucaparib, simultaneously or 24 h prior to incubation with MS-275, had no influence on apoptosis after MS-275 alone and in combination with ATRA (data not shown). It appears plausible that these pathways are of different relevance for monocytic and granulocytic maturation and as well for primary and transformed cells.
A remaining question is the source of replicative stress in HDACi-treated cells. Previous data demonstrate that siRNAmediated downregulation or selective pharmaceutical inhibition of HDAC3 reduces replicative fork velocity and induces replicative stress and chromosomal instability (Conti et al. 2010; Wells et al. 2013; Bhaskara et al. 2010) . Our data agree with this notion, as MS-275, which only inactivates the class I HDACs HDAC1-3 (Table 1) , suffices to promote the accumulation of p-H2AX. As HDAC1 and HDAC2 also control DNA damage responses and genomic stability (Wilting et al. 2010; Miller et al. 2010) , these HDACs also represent critical targets for HDACi-induced DNA damage. Additional experiments are necessary to test such hypotheses.
We also see that MS-275, LBH589, and FK228 deplete the cellular TdS pool, which could equally promote replicative stress. The ability of HDACi to reduce TdS has also been reported by others (Chittur et al. 2008; Fazzone et al. 2009 ). As TdS levels strongly increase during S phase (Navalgund et al. 1980) , it is possible that the reduction of S phase cells in the presence of HDACi is a reason for attenuated TdS levels. We are aware that others noted stable levels of TdS concomitant with a rapid occurrence of p-H2AX after a 2-h treatment with SAHA in breast cancer cells (Conti et al. 2010 ). Our results with leukemic cells rather suggest that the accumulation of p-H2AX occurs slowly and becomes detectable after 16 h and that TdS levels decrease simultaneously (Fig. 4a-d ). Although such differences may be due to different cellular backgrounds (breast cancer vs. APL) and due to limitations in p-H2AX detection levels, they may reflect that HDACi-induced DNA damage can occur in several steps. There could be a 1 3 first, rapid phase seen by Conti and colleagues and a further one that occurs later with the depletion of TdS and perhaps additional regulators of DNA metabolism and DNA repair. The latter hypothesis is congruent with the survival of MS-275/ATRA-treated NB4 cells that remain in the G1 phase. In such a setting, loss of TdS may even protect cells. Indeed, feeding MS-275-treated NB4 cells with thymidine promotes their entry into S phase (Fig. 5e) , reduces p21 expression, increases p-H2AX, and activates caspase-3 (Fig. 5f, g ). Obviously, the G1 phase is less susceptible to replicative stress as there is hardly DNA replication (Cheng et al. 2000) . Moreover, a cytoprotective, pro-differentiating role of p21 in HDACi-treated AML cells is well documented (Wu et al. 2014; Rosato et al. 2003 ) and p21 protects cancer cells from apoptosis under replicative stress (Krämer et al. 2008a) .
Taken together, our work shows that cytoprotective effects of ATRA against HDACi involve an attenuated HDACi-induced DNA damage and a p21-coupled cell cycle arrest. Dissociation constants for HDACi/HDAC complexes are predictive of whether an HDACi can eliminate ATRA-treated APL cells that have differentiated along the granulocytic lineage.
